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Introduction
The European energy policy is aiming for a transition from the fossil based current energy system towards a carbon free system based on renewable energy sources. The 20-20-20 targets of reduced emissions, increased renewable share, and increased energy efficiency till 2020 are the next important milestone in this process. Switzerland, not being a member state of the European Union, does not need to follow the same guidelines. Nevertheless, the energy policy goals of Switzerland follow a similar vision of transforming the energy system towards a sustainable path with less fossil fuel consumption and an increased renewable share. The Swiss policy process has experienced a significant shift as a reaction to the nuclear accident in Japan in March 2011. Whereas the existing nuclear plants were planned to be replaced by new plants after their expected life time, the new energy policy program, "Energy Strategy 2050" (BFE 2012a), excludes this option. As the four nuclear plants cover about 40% of Swiss electricity generation, this opens the question how the future generation portfolio is supposed to look like if at the same time the carbon emission restrictions are to be kept.
Following this dramatic shift of direction in energy policy, policy makers are in need of guidance from energy-economic models regarding policy options and their feasibility. While a number of models exist in this regard (see the literature review in section 2), there is no techno-economic electricity market model for Switzerland taking both the transmission network as well as hydrologic interdependencies into account.
The objective of this paper is to develop an according model of the Swiss electricity market using the DC load flow approach coupled with a detailed representation of the underlying hydrological system of interlinked lakes and rivers to capture the most important electricity source in the country adequately. This model of the Swiss electricity market, termed Swissmod, will provide a flexible platform for a wide array of questions in regard to the future development of the Swiss electricity system and more general market and environmental research questions.
The remainder of this paper is structured as follows. The relevant literature is presented in section 2. In section 3 we present the model. Section 4 describes the underlying dataset and parameterization of the model. In section 5 the calibration of the model to ex-post observed data for 2012 is discussed. Section 6 provides a first glance at calculated nodal price patterns in Switzerland and section 7 concludes.
Literature review
Following the Swiss Energy Strategy 2050, the reports by Prognos AG (2012) and Ecoplan (2012) provide an estimation of the development of Swiss energy system till 2050 with different policy scenarios and an assessment of the subsequent economic consequences of those scenarios.
The electricity market plays a key role in this future development besides the building and transport sector. Within the electricity sector transmission and network related issues are crucial as they link generation and demand. An insufficient development of the network can hinder both the deployment of renewable generation and the establishment of demand side participation and energy efficiency approaches. A short report by the Swiss Federal Office of Energy (BFE 2011) provides a first assessment of the required network related issues that need to be addressed within the energy strategy. These include the necessary extension of the transmission grid, capacity shortages in the distribution system, new transport options like DC transmission, and smart grid developments. In subsequent reports those issues have been addressed in more detail. Consentec (2012a) provides an estimate of the transmission network development regarding congestion and the resulting extension requirements based on the expected generation scenarios. Since a large share of Switzerland's grid utilization is induced by European transactions, the analysis is based on a European network model. Consentec (2012b) provides estimates of the requirements in the distribution system due to increased decentralized generation till 2050. The results are transformed into policy recommendation in BFE (2012a) that include a faster network extension and transformation towards smart grids and a higher coordination with Europe.
To cope with the challenges and provide the theoretical and empirical background for policy makers the modeling of energy markets plays and will continue to play an important role. Mathys et al. (2012) highlight this role and provide an overview of nine existing modeling approaches for Switzerland. They classify nine models according to their typology as bottom-up, top-down, or in-between hybrid approaches. Within the bottom-up group are the ETEM model of regional energy systems (Babonneau et al. 2012) , the Swiss MARKAL model covering the whole Swiss energy system and its successor Swiss TIMES with a focus on the electricity sector (Weidmann et al. 2012 ). Those models usually apply a high level of technological detail and a corresponding regional representation. Contrary, the top-down approaches follow the Computable General Equilibrium framework. Consequently, they cover the Swiss energy system in a more aggregated manner than the bottom-up approaches but can address macroeconomic aspects. The MERGE-ETL model (Marcucci and Turton 2012 ) is bridging those two approaches, combining a top-down model of the economy with a bottom-up representation of the energy system. All of those model approaches do not address the electricity network and, in general, cover the complexity of the Swiss electricity market in an aggregated and simplified manner (Mathys et al. 2012 ).
Indeed, the number of available detailed electricity market models of Switzerland is limited. The above mentioned Swiss TIMES model covers the whole electricity system, has an hourly resolution, and is calibrated to observed market results. Based on cost optimizations different scenario settings can be analyzed, e.g. supply options for replacing the nuclear power plants . Regarding hydropower, Balmer et al. (2006) set up an extensive model of the Swiss hydro electricity system. They employ a cost minimizing investment model with a 2030 model horizon in a European setting, coupled with a detailed representation of 149 hydropower plants within Switzerland.
Furthermore, several electricity market models cover the whole European grid and consequently also the Swiss electricity market (e.g. Consentec 2012a,b; Leuthold et al. 2012; Stigler and Todem 2005) . However, they normally need to take simplifications with respect to the detail level of individual countries.
Model
The model is designed as a linear cost minimization, coded in GAMS (General Algebraic Modeling System) and solved using the IBM CPLEX solver. We follow the DC load flow approach by Schweppe et al. (1988) and Leuthold et al. (2012) to model an electricity transmission system with a nodal pricing approach. Swissmod covers the whole transmission system of Switzerland as well as its interconnections to neighboring countries. Generation and demand is allocated on a nodal basis to allow an estimation of congestion aspects.
The model captures all forms of hydroelectricity in Switzerland: run-of-river, storage and pumped-storage power plants. Using a separate network, the hydraulic system of Switzerland is modeled using a dataset from the Swiss Federal Office of Topography (SwissTopo) containing all rivers and lakes in the country. Using this hydraulic network, water flows in the system are endogenously determined, so that the outflow of an upstream hydropower plant results in an inflow to a downstream power plant with a defined time lag. Since storage possibilities (upper basin, lower basin) are modeled, the available water resources are used efficiently by the system. Table 1 indicates the used notation. The power grid network incidence matrix contains elements of {0, 1, −1} to connect nodes and lines in a directed graph, all other incidence matrices used contain binary elements of {0, 1} to indicate relationships. In the case of electricity lines l ∈ L, a value of i l,nx = 1 and i l,ny = −1 denotes the start of a line at node nx and end of the line at node ny. For all other matrices, a value of 1 means the object is connected to that node and a value of 0 that it is not. The relations (such as the power plant to power node relation cpi n cpp ) are of the "1:n" type, so that a node can have multiple power plants connected to it, but a power plant only has a single node. 
Notation

Electricity market model
The objective of the model is to minimize total costs (Eq. 1) subject to the constraints detailed below in equations 2 to 17. 
Power flow calculation is based on the DC load flow approach following Schweppe et al. (1988) and Leuthold et al. (2012) to model an electricity transmission system with a nodal pricing approach. Therefore, power flows in an AC grid are simplified to a DC load flow (DCLF) approach, using the assumptions made in Stigler and Todem (2005) regarding voltage angle differences, so that power flow on a line can be calculated as the susceptance b l times the phase angle difference between start and end node of a line. Given the definition of the incidence matrix i l,n and the phase angle X n t , Eq. 2 captures this relationship.
By means of Eq. 3, the slack bus is arbitrarily fixed to node n1, so that all phase angles X n t are relative to that of node n1.
To ensure that each node is in balance, we apply Kirchhoff's law (Eq. 4), stating that the sum of all flows into and out of a node is always equal to the net input E n t at that node.
The net input at a node furthermore has to be equal to the sum of power produced from and exogenous consumer demand d n t (Eq. 5).
The multiplication with incidence matrices (here: cpi and hpi) ensures that only those power plants, which are actually connected to the node, are included in the node's balance.
Equations 6 and 7 ensure that postive and negative power flows E l t never exceed the line capacity limit e l .
Fossil fuelled power plants are modelled schematically. We consider only variable costs and neglect start-up costs and ramping constraints. The only constraint conventional power plants are facing is the capacity constraint (Eq. 8).
Hydropower system
The hydropower system is modelled in detail, both with respect to the types of hydropower plants available as well as regarding the country's hydrological system of lakes and water streams.
Hydropower plants
Even though there are different types of hydropower plants (mainly run-of-river, yearly storage and pumped-storage power plants), they are modelled analogously in the model, yet with different parameters for each of the types (or more precisely, for each individual plant).
The parameters describing a hydropower plant are its turbine capacity e ↓ hpp (i.e. capacity when generating electricity), its pumping capacity e ↑ hpp (i.e. capacity when pumping water upwards) as well as the specific production equivalent (MWh of electricity generated per metric ton of water) α hpp . The latter depends on the turbine technology as well as the fall height between upper basin and lower basin of the plant. Additionally, for those plants which have a pump capacity e ↑ hpp > 0, the parameter β hpp specifies the pump efficiency, that is the ratio of electricity needed to pump up a certain amount of water divided by the electricity generated from turbinating the same quantity of water.
Equations 9 to 12 characterize the functioning of hydropower plants. Equations 9 and 10 describe the production function relation of hydropower plants in converting movements of water W to electricity E and vice versa. While Eq. 9 determines that relationship during discharging (i.e. electricity generation), Eq. 10 determines the relationship for the case of pumping water upwards (consuming electricity).
Like conventional power plants, hydropower plants are also bound to capacity restrictions, both when turbinating (Eq. 11) and when pumping water back up (Eq. 12) to the upper water node.
Hydrological network
Many electricity market models such as STEM-E (Kannan and Turton 2012) and Swiss TIMES (Weidmann et al. 2012) as well as nodal pricing electricity dispatch models (such as Leuthold et al. 2012 
There is no constraint in the model to disallow spillage (i.e. water flows parallel to hydropower plants without generating electricity), although optimization is likely to result in this being used rarely and in special circumstances only.
Water nodes with storage capacity ws wn > 0 can be used to store water and thereby represent storage basins of hydropower plants. 
Given the parameters and equations above, it is now possible to distinguish the different types of hydropower plants as depicted in Run-of-river plant > 0 -- 
Data
We parametrize the model to the Swiss electricity market including the transmission network, nuclear and hydro supply, demand and neighboring countries' supply and demand structure.
Given the nature of the nodal pricing model implemented, not only the elements (grid, supply, demand) themselves are important for the model, but also their geographical location and interrelation. Therefore, a Geographic Information System (GIS) connected to a spatial 
Electricity grid
We reproduce the Swiss transmission grid from a map published in Swissgrid (2012) .
The location of some substations is corrected based on more detailed information available in the collaborative mapping project OpenStreetMap. As a result, a sufficiently accurate schematic geographical map of the Swiss high voltage (220 kV and 380 kV) transmission grid is produced, including the location of substations as well as the number of parallel lines and the types of lines (Figure 1) . We use this representation in the spatial database to generate the network incidence matrix. We derive the respective resistance, susceptance and capacity values of transmission lines from calculated line lengths from the GIS system and assumed standard values for the line types from Fischer and Kießling (1989) .
To account for the security margin usually present in transmission networks (also known as n-1 criterion), we leave a general security margin of 25% line capacity unused in each line, i.e. calibrating lines to 75% of line capacity. While this is not an exact measure of n-1 security, it does ensure the model results are closer to realistic values.
All cross-border lines among the neighbouring countries and from the neighbouring countries to Switzerland are recreated from the official ENTSO-E grid map and set to the transfer capacity values from ENTSO-E (2013) data.
Power plants
The supply side of the Swiss electricity sector is mostly based on hydro and nuclear power and only few remaining percentage points are served by other energy sources such as conventional fossil fuels and renewables. Therefore, special emphasis lies on hydropower and the nuclear power plants in Switzerland.
Thermal power plants
Swiss nuclear power plants account for about 40% of Swiss electricity supply. The location and capacity parameters of the nuclear plants were obtained from the GIS database "Geobasisdaten" of the Swiss Federal Office of Energy. A remainder of around 5% of Swiss electricity supply is labelled as "conventional thermal and other power plants" in Swiss statistics (BFE 2013), which includes waste and combined heat and power plants as well as solar and wind power. As no detailed data on these "other" power plants is available, they are subtracted evenly from demand. Swiss hourly statistics for the "3 rd Wednesdays of each month in 2012" (ibid.) show that this residual supply hardly reacts to demand, so the assumption of equal distribution to all hours to reduce residual demand seems justifiable. The geographic incidence of this share of supply however is uncertain and the equal geographic distribution is inaccurate.
Hydropower
Accounting for 55% of the Swiss electricity supply, hydropower is Switzerland's most important electricity source. For the modelling purposes, it is important not only to capture the total extent of hydropower in aggregate but also the individual hydropower plants with their geographic location, available technical characteristics (power of turbines, pumping ability, height of fall, etc.) and information on which bodies of water (river, lake, storage basin) they are connected to. Most of the necessary information was available from the Swiss Federal Office of Energy (BFE) as a geographic dataset (BFE 2012b) which could be included in the Swissmod spatial database. A "find nearest node" operation in the GIS system was performed to find the nearest electricity substation to a hydropower plant in order to approximate which nodes in the electricity grid a hydropower plant is connected to. As a proxy for the production equivalent we use the ratio between maximum electrical capacity of the turbines in M W and the maximum water throughput in m 3 .
Detailed data of the river system in Switzerland (GWN/Vector 25 by swisstopo) was used to derive the hydro cascade incidence matrix. This dataset includes all water bodies in Switzerland on a detailed level, from small streams or ponds to the largest rivers. By manual work in GIS, each bigger hydropower plant (> 250 MW) 1 is connected to one preceding water node (upper node) and one succeeding water node (lower node).
Based on this mapping, it is then possible to extract the following parameters necessary for the model:
• Hydro cascade incidence (θ uwn lwn )
• Water delay time (lag uwn lwn )
• Hydro plant to upper and lower water body incidence (upr To extract this data from the aforementioned GIS dataset of river streams, we develop a script connected to the GIS system, which traverses the river flows included in the dataset starting from all connection points of hydropower plants and ending at the end of the river systems at the Swiss border. In between hydropower plants, it calculates time lags (based on an assumed water velocity of constant 8 km/h) 2 as well as the local inflow. As we do not have a dataset on local inflow to points along rivers across Switerland, we derive this data from the discharge and catchment area dataset from BAFU (2012) which we link to the GWN water network. We assume local inflow to be the difference between discharge at any water node and inflows from incoming water streams. The script calculates this information for each point in the water system to which a hydropower plant is connected to the point where two rivers with connected hydropower plants intersect.
Since the data source we use (ibid.) is based on models rather than historical observations, it does not match the realistic absolute amount of water inflow for all locations. To ensure that each hydropower plant receives at least the water necessary to generate its yearly average electricity production, we scale the inflow to the respective level. This alters the absolute values but leaves the seasonal month-by-month patterns intact.
Neighboring countries and import/export
In order to account for the fact that Switzerland is highly interconnected with its neighbouring countries, the neighbouring countries Austria, Italy, France and Germany are included schematically in the grid map with two to three aggregate regional nodes as well as one generic node per country. On these nodes, the full power plant portfolio, cost structures and hourly demand of the covered region is aggregated.
Thermal restrictions such as start-up costs, ramping constraints or part-load efficiency in power plants of the neighbouring countries are not taken into account, since for those countries we include only the overall capacity of a particular technology and not the individual plants. The power plant and cost structure data are obtained from the ELMOD modelling community (see e.g. Egerer et al. 2014; Leuthold et al. 2012 ) and updated using data from ENTSO-E (2013) . Monthly fuel costs for gas fired power plants are obtained from Eurelectric The country nodes are connected to all cross-border power lines that connect the countries with Switzerland. Also, cross-border power lines between the different neighbouring countries are included, so that Switzerland is embedded in a "spider web" of neighbouring countries.
Import and export values of all modelled countries are then endogenously determined as part of the overall cost minimization approach.
For variable renewable energy (VRE) capacities are also taken from the ELMOD database. The time incidence of renewable's production in the benchmark year 2012 is taken from the EEX transparency platform. The German time incidence of wind/solar production is used for the scaled VRE production of the other neighbouring countries, thus assuming perfect positive correlation across countries. VRE input is taken as exogenous supply and reduces demand at the specific nodes and time periods by the amount of VRE input.
Demand
Demand is taken as exogenous (assuming a price elasticity of zero) and the per-country ENTSO-E hourly load values for the year 2012 are used for calibration. As hourly load values for a full year do not sum up to the amount of electricity consumed from yearly statistics, we apply a scaling factor for hourly load values. This factor ranges from 1.0 for France to 1.14 for Germany. Net imports from third party countries which are not included in the model are subtracted from country demand. 
Estimation of hourly load values for Switzerland
Subsequently, fitted values for all hours of the year are generated and used where the primary data is not available (e.g. for all days except the 3 rd Wednesdays of each month).
With an R 2 of 0.88 the estimation provides a reasonable measure to derive hourly load values for the model. All coefficients at the 10 percent level are significant and most are even significant at the 0.1 percent level (see Appendix I).
Regional demand disaggregation
We disaggregate national demand for Switzerland to the 26 Swiss cantons in our model based on the number of inhabitants and GDP with data provided by the Swiss federal administration. Within the cantons, load is distributed equally to all nodes in the canton.
Each node represents a substation transforming from high voltage transmission lines (220 or 380 kV) to the 110 kV or lower voltage network.
Calibration
In order to test our model and compare the results to reality, we calibrate it with data for 2012. The variables we calibrate for are monthly cross border flows for all endogenous borders (between Switzerland, Austria, France, Italy and Germany), monthly and yearly production volumes per technology and seasonal price patterns. The degrees of freedom in calibration are relative input price and capacity adjustments to match seasonally varying availability of capacity.
We fix available generating capacity of the typical base load technologies nuclear and lignite to the observed availability from ENTSO-E (2013) and thereby essentially predetermine their monthly output to the statistically observed one due to their position in the merit order. As most conventional power plants follow the same typical maintenance cycle of longer maintenance outages during low-load summer, we apply the average availability curve we observe over all countries' nuclear and lignite plants also to the remaining fossil power plants. One of the major aspects of the model is the ability to endogenously determine water levels of storage lakes and the resulting water flows. We fix the storage level in the first and last hour of the year, setting both to 60% to approximately match long-term average statistical values. Figure 5 shows the aggregated total storage curves (model vs. statistics) over the year. While the general shape of the curve depicting total hydro storage in our model resembles the statistical values, the spring and fall extreme values are more pronounced in our model. This can be attributed to the fact that the model is deterministic. While in reality hydropower operators need to account for the risk of unforseen inflows or draughts, our model assumes perfect information regarding hydropower inflows and thus can optimize accordingly. Beside the simplifications in the unit commitment representation the deterministic nature of the model can lead to deviations between simulated and actual prices. Due to perfect foresight for the complete year the resulting dispatch and storage operation is optimized and the resulting price levels can be expected to be below market price levels that are influenced by uncertainty and imperfect information. Furthermore, the model includes a perfect market coupling within the modeled countries which on average should lead to more price convergence between the countries than in the real markets. However, due to the inclusion of a detailed network representation with load flow and security margins, the modeled market prices are subject to network congestion (see also next section) that is managed by re-dispatch in the real markets. This can lead to higher locational prices in Swissmod. Overall, the model calibration is focused on achieving a good match between observed aggregated generation levels and cross border patterns and the resulting prices have to be taken with care. 
Nodal Prices in Switzerland
The main purpose of the paper at hand is to outline the electricity market model Swissmod. As we are employing a nodal pricing model to analyse the Swiss electricity market, we can draw conclusions about regional price patterns already from our nodal representation of the Swiss electricity system in 2012. In the central southern part of Switzerland (eastern part of the canton of Valais) there seems to be a situation of oversupply and thus negative average prices, while neighbouring in the east the canton of Ticino experiences the highest overall average prices. This suggests that while the Ticino area seems to be well interlinked with Italy (thus high prices are imported from Italy) the east of Valais seems to lack sufficient transmission capacity to transport generated electricity away to neighbouring regions. The fact that prices actually go negative and do not stop at the zero lower bound is likely related to the large amount of exogenous hydropower in our model as we only model a subset of hydropower plants endogenously. This is going to change in future versions of the model as more hydropower plants are included.
The price picture, however, gives a first impression on where in the system bottlenecks could be expected and which regions would be likely to face higher and lower prices respectively if Switzerland were to switch to a nodal or zonal pricing system.
Conclusion
Swissmod captures the building blocks of the Swiss electricity market covering both the basic electricity characteristics and hydrological fundamentals, especially with respect to the hydrologic coupling between hydropower plants. The model is calibrated for 2012 and is able to reproduce both the Swiss as well as its neighbouring countries' supply and demand pattern.
The basic model can be extended to simulate the impact of future energy policies, capture the interactions of the different system components and provide estimates for the impact on the Central European electricity markets. Especially the hydropower system of Switzerland is expected to play a major role in stabilizing the European electricity system when high shares of intermittent RES generation are commonplace. The degree of detail in the model makes it possible to analyze how the usage patterns of hydropower is changing with different market conditions and their impact on overall market outcomes both in a spatial and time dimension. Therefore, combining a DC electricity load-flow model with a model of the hydraulic system is likely to yield important conclusions for Switzerland and its neighboring countries and can be applied similarly to other countries with a large share of hydropower.
